ABsTrAcT
We have recently identified cytokinin as an important xylem-carried signal involved in the photosynthetic acclimation of plants to light gradients in dense canopies. Lower leaves become shaded in a dense canopy and consequently have reduced transpiration rates. our measurements have shown that this results in a reduced delivery of cytokinins carried in the transpiration stream to shaded leaves, as compared to light-exposed leaves. Cytokinins are involved in the regulation of photosynthetic acclimation to the light gradient by stimulating the expression of photosynthetic enzymes in light-exposed leaves. In shaded leaves, the low delivery rate of cytokinin leads to reduced photosynthetic capacity and ultimately senescence. We show evidence for this role of cytokinin, as part of a complex of signaling pathways where other regulatory mechanisms are also involved. A model is presented depicting the regulation of photosynthetic acclimation by cytokinin delivery to leaves dependent on the irradiance they receive.
InTroducTIon
Plants in dense leaf canopies distribute their photosynthetic capacity among leaves in parallel to the vertical light gradient. This acclimation to canopy light gradients improves photosynthetic light use efficiency at the whole plant level and contributes to fitness in dense stands, 1-3 as was recently confirmed experimentally. 1 Therefore, plants must posses a mechanism by which the canopy light gradient is perceived and the signal is transduced to result in appropriate regulation of photosynthetic enzymes. In the April issue of Plant Physiology, we have shown that cytokinin transported in the transpiration stream plays an important part in this mechanism.
Previous work has demonstrated that the gradient in leaf transpiration rates, which parallels the vertical light gradient in canopies ( Fig. 1) , is involved in regulating photosynthetic acclimation. [4] [5] [6] A reduced transpiration rate of shaded leaves in lower layers of a dense canopy implies that any compound carried in the xylem sap is a potential candidate signal for irradiance, as its delivery rate to leaves varies with the irradiance received. When the transpiration rate of attached, light-exposed leaves was reduced by surrounding it with humid air, several aspects of shading could be mimicked.
A likely candidate for the xylem-carried signal is cytokinin, given its role in stimulating the synthesis of photosynthetic enzymes [7] [8] [9] and inhibiting protease activity 10 and senescence. 11, 12 Indeed, cytokinin concentrations in canopies and in shaded leaves varied consistently with this model and application of cytokinin to shaded leaves on a plant remaining in high light rescued the shading effect to a large extent. 5 In this study we set out to further test the hypothesis that the cytokinin delivery rate to leaves is a canopy density signal leading to photosynthetic acclimation. We used the rapidly increasing knowledge on cytokinin signal transduction and metabolism. Canopy processes were investigated with tobacco as a model plant and Arabidopsis provided the necessary molecular tools.
cyToKInIn deLIvery
A vital piece of evidence in support of our model was obtained by measuring cytokinins in the xylem sap of shaded versus light-exposed leaves on the same tobacco plant. A computer-controlled system to pressurize roots was used that allowed the sampling of xylem sap from a transpiring plant. 13 Small incisions were made in the midrib of the leaves and about 10% of the xylem sap delivered to the leaves was collected.
Analysis using liquid chromatography and tandem mass spectrometry revealed that the concentration of iP-type cytokinins was similar in the xylem sap delivered to either the shaded or the lightexposed leaf on the same plant. Since shaded leaves have far lower transpiration rates and import is the product of concentration and transpiration rate, we concluded that shaded leaves indeed import less cytokinin. Accordingly, shaded leaves and leaves kept in humid air had lower cytokinin concentrations compared to leaves remaining in high light at normal humidity, particularly those of the bioactive Zeatin type were reduced.
MuLTIPLe sIgnALIng PAThwAys InvoLved
Another candidate signaling molecule transported in the xylem is nitrate, which is both a resource for photosynthetic proteins and acts as a signal stimulating its own assimilation in leaves and cytokinin production in roots. 14, 15 Although nitrate could act in a manner similar to the one we propose for cytokinin, our finding of much higher concentrations in shaded leaves argues against such a function. Most of the large proportion of nitrate delivered to light-exposed leaves is likely to be assimilated and incorporated into proteins so nitrate does not accumulate there, whereas nitrate is utilized to a much lesser extent in shaded leaves where it accumulates.
Photoreceptors are involved in the perception of canopy density with respect to the morphological aspects of shade avoidance. 16 Phytochrome was shown to be also involved in the induction of senescence of lower canopy leaves which receive a reduced red to far-red light ratio. 17, 18 However, there is no evidence that other photoreceptors are involved in the photosynthetic acclimation to canopy light gradients. All photoreceptor mutants tested so far retained their ability to reduce photosynthetic capacity in response to shading and form distinct sun or shade leaves. 19 We observed the same in a survey of a large number of photoreceptor mutants of the phytochrome, cryptochrome and phototropin families, including double and triple mutants. 20 In the same survey, various cytokinin receptor mutants also showed reduction in photosynthetic capacity in response to shading. These data indicate that neither photoreceptors nor cytokinin are fully responsible on their own but rather that multiple signaling routes are involved and have partially overlapping functions in photosynthetic acclimation to light gradients.
Lower cyToKInIn AcTIvITy In shAded LeAves decreAsed The exPressIon of PhoTosynTheTIc genes
In our study we have made use of cytokinin-responsive genes belonging to the type A Arabidopsis Response Regulators (ARRs). 21, 22 Monitoring their transcript levels provides a measure of cytokinin activity at the level of gene transcript regulation. When the transpiration of an Arabidopsis leaf in the light was experimentally reduced, we observed reduced expression of ARR7 and ARR16, corresponding well with reduced concentrations of several active cytokinins. Reduced transpiration rate proved to be sufficient to decrease photosynthetic capacity, transcript levels of the rbcS gene encoding the small subunit of Rubisco and it led to accelerated senescence. Furthermore, exogenously applied cytokinin or localized overproduction of cytokinin rescued the effects of partial shade or humid air treatment. These data provide further evidence for an important role of cytokinins in regulating photosynthetic acclimation of plants to light gradients in canopies. The figure depicts a schematic overview of this mechanism. to leaves dependent on incident irradiance. In a dense canopy, lower leaves are shaded so their stomatal conductance and transpiration rate are reduced compared to light-exposed, upper leaves. Consequently, shaded leaves import less cytokinins, which are synthesized in the roots and transported via the xylem. In light-exposed leaves cytokinin stimulates the expression of (homologs of) type A ARRs and photosynthetic enzymes, contributing to high photosynthetic capacity (A max ). on the contrary, low cytokinin import in shaded leaves leads to reduced A max , enhanced protease activity and ultimately senescence. Amino acids are exported from shaded leaves via the phloem and may be redistributed to upper leaves.
